Molecularly imprinted polymer brush layers and gel layers with both a lectin (ConA) and an antibody-IgG as biomolecular ligands for a target protein were formed on surface plasmon resonance (SPR) sensor chips via surface-initiated atom transfer radical polymerization (SI-ATRP) without and with a crosslinker, respectively. While the IgG-imprinted brush layers chip had almost the same affinity constant for target IgG as the nonimprinted brush layer chip, the affinity constant of the IgG-imprinted gel layer chip was approximately twice than that of the nonimprinted gel layer chip. These indicate that chemical crosslinks are very important factor to create distinct molecular recognition sites by molecular imprinting. Thus, biomolecular imprinting that uses biomolecular ligands and crosslinkers enables us to design polymer layer chips with distinct molecular recognition sites with a strong affinity for a target biomolecule. The molecularly imprinted gel layers chips with lectin and antibody ligands are promising candidates for fabricating SPR sensor systems to monitor target biomolecules such as proteins.
Introduction
Surface plasmon resonance (SPR) spectroscopy has become an important method for the investigation of biomolecular interactions such as antigen-antibody bindings, lectin-saccharide interactions and DNA hybridizations [1] [2] [3] [4] [5] [6] [7] [8] [9] . SPR biosensors detect changes in permittivity in the vicinity of the gold sensor chip surfaces and exhibit response signals as resonance angle shifts when an analyte specifically binds to a ligand on the chip surface in an aqueous solution. The SPR techniques have an ability to rapidly monitor the binding process in real time without label [10] . Amino coupling has been widely used as a standard method for directly immobilizing biomolecular ligands on activated surfaces of SPR sensor chips, which produces two-dimensionally ligand-immobilized SPR sensor chips [3, 11, 12] . On the other hand, we prepared three-dimensionally antibodyimmobilized polyacrylamide (PAAm) gel layers on SPR sensor chips by surface-initiated atom transfer radical polymerization (SI-ATRP). The previous studies revealed that the SPR signals of the three-dimensionally antibodyimmobilized SPR sensor chips were greatly enhanced by controlling the layer thickness, compared with the directly antibody-immobilized SPR sensor chips prepared by the standard amino coupling method. The enhanced SPR signals were attributed to the specific binding of target biomolecules to a large amount of ligands threedimensionally immobilized within hydrogel network layers [13] .
Hydrogels are polymeric networks with a high level of hydration and tree-dimensional (3D) microstructures similar to natural tissue. The hydrophilic structure of hydrogels provides the unique ability of holding large amounts of water in their 3D networks, resulting in their good biocompatibility. Through their unique open spaces, solutes can diffuse into or out of the networks [14] . In addition, some hydrogels can respond reversibly to external stimuli including pH, temperature, electric fields, light, ionic strength, solvent, etc [15] [16] [17] [18] [19] [20] . Such stimuli-sensitive hydrogels have attracted much attention for the design of "smart" systems because they have many potential applications as smart materials for drug delivery, separation processes and protein immobilization in a variety of biomedical fields [20] .
Molecular imprinting is a useful technique for easily creating molecular recognition sites in a polymer matrix [21] [22] [23] . Nowadays, molecularly imprinted polymers possess great potentials in a variety of applications such as chemical sensors, separation, drug delivery, artificial antibodies and receptors systems [24] [25] [26] [27] . Molecularly imprinted polymers can recognize chemical and biological molecules such as amino acids and proteins because they have complementary molecular cavities that can be created using a target molecule as a template [28] [29] [30] . The advantages of molecularly imprinted polymers are physical robustness, thermal and pressure stability, differing from proteins like antibodies and lectins [24] . The basic process of molecular imprinting technique involves prearrangement of ligand monomers around a template molecule by non-covalent interactions, network formation by copolymerization of ligand monomers and crosslinkers, and extraction of the template molecule from the resulting polymer networks. Thus, molecular imprinting enables us to easily create complementary molecular cavities by using a large amount of crosslinkers for fixing ligands and the templates for memorizing the chemical structure of a target molecule. Nevertheless, designing the recognition devices for large biomolecules such as proteins is still an important challenge for the developments of SPR sensing systems to monitor biomarkers because of their complicated 3D structures. For example, recognition sites for a protein in the thin hydrogel layer on the SPR sensor chips were created by molecular imprinting using ConA as a template protein and a monomer with pendant glucose (2-glucosyloxyethyl methacrylate: GEMA) as its ligand [31] . SPR measurements revealed that the affinity constant of the ConA-imprinted hydrogel layer chips for ConA was much higher than that of the non-imprinted hydrogel layer chips. Thus, molecular imprinting is a highly promising technique for designing the recognition devices that have many applications for the SPR sensing systems in biomedical applications. However, there has been no paper that reported molecularly imprinted hydrogel layers designed using biomolecular ligands such as proteins in spite of their many applications in fabricating sensing devices for monitoring various biomolecular markers.
In this study, we prepared the SPR sensor chips which lectins (concanavalin A: ConA) and antibodies (anti-IgG) as ligands for a target glycoprotein were immobilized within the PAAm hydrogel layers via SI-ATRP combined with molecular imprinting. Furthermore, responsive behavior of the ligands-immobilized gel layer chips for a rabbit immunoglobulin G (IgG) as a target glycoprotein was investigated using a SPR sensor. This paper focuses on both the formation of molecular recognition sites by biomolecular imprinting using large biomolecule ligands such as proteins and the design of hydrogel layers via SI-ATRP to fabricate the highly selective and sensitive SPR systems for target proteins.
Experimental

Chemicals and materials
Acrylamide (AAm) as a main monomer was purified by recrystallization from benzene. N-Acryloxysuccinimide (NAS) was used for ligands modification. A rabbit immunoglobulin G (IgG) as a target and template molecule, concanavalinA (ConA) as a lectin ligand and goat anti-rabbit immunoglobulin G (anti-IgG) as an antibody ligand were used for designing molecularly imprinted layers on SPR sensor chips. Bipyridine (BPY), copper(I)bromide (CuBr), and copper(II)bromide (CuBr 2 ) as catalysts and N,N'-methylenebisacrylamide (MBAA) as a crosslinker were used for SI-ATRP. In introducing SI-ATRP initiators onto SPR sensor chip, 11-mercapto-1-undecanol (11-MUD), 2-bromopropionyl bromide (2-BPB), triethylamine (TEA), and tetrahydrofuran (THF) were utilized. 4,4-Dithiodibutyric acid (DDA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS) were used in amino coupling method for preparing directly ConA-immobilized chips. As other solvents and reagents, dimethyl sulfoxide (DMSO), sodium dihydrogenphosphate dihydrate, disodium hydrogenphosphate 12-water, sodium tetraborate decahydrate, boric acid, citric acid, calcium chloride, manganese chloride, ethanol, ethylacetate, 2-aminoethanol were of analytical grade obtained from commercial sources and were used without further purification.
Synthesis of modified ConA and anti-IgG as ligand monomers
ConA and anti-IgG were used as ligands for target IgG in biomolecular imprinting because ConA bonds with an N-acetylglucosamine group of IgG and anti-IgG forms an antigen-antibody binding with IgG. By the methods reported in the previous papers [32, 33] , an acryloyl group was introduced into ConA and anti-IgG to synthesize biomolecular ligand monomers for biomolecular imprinting. ConA was modified with NAS according to Scheme 1(a) as follows: 3 mL of a boric buffer solution of ConA (10 mg/mL) and 0.3 mL of a DMSO solution of NAS (3.25 mg/mL) (NAS/ConA mole ratio = 10) were mixed and then the reaction was carried out at 36 o C for 1 hour. Moreover anti-IgG was also modified with the same method as the modification of ConA according to Scheme 1(b) as follows: after 3.0 mL of a phosphate buffer solution containing anti-IgG (10 mg/mL) and 20.0 µL of water containing NAS (10 mg /mL) (NAS/anti-IgG mole ratio = 6) were mixed, the reaction was carried out at 36 o C for 1 hour. Then acryloyl-anti-IgG and acryloyl-ConA were purified by removal of unreacted NAS via a gel filtration using a Sephadex column. Samples obtained by the gel filtration were analyzed by UV-spectroscopy at wavelength 254 nm. 
Introduction of ATRP initiators onto SPR sensor chips
Gold sensor chips were used for SPR measurements after they were cleaned by ozone for 30 min, washed by ethanol and dried under a nitrogen atmosphere. For the formation of self-assembled monolayers with hydroxyl groups, SPR sensor chips were immersed in ethanol containing 1.0 mM 11-MUD for 24 hours under an argon atmosphere, then washed by ethanol and dried under an argon atmosphere. To introduce alkyl-bromide groups as ATRP initiators onto the surface of SPR sensor chips, the 11-MUD-modified sensor chips were immersed in the solution of 0.12 M TEA and 0.10 M 2-BPB in THF for 3 min in an ice bath under an argon atmosphere, as shown in Scheme 2. Finally, SPR sensor chips were washed with tetrahydrofuran, ethylacetate, ethanol and water, and then dried under an argon atmosphere.
Formation of IgG-imprinted and nonimprinted polymer brush layers on SPR sensor chips
IgG-imprinted polymer brush layers were prepared on ATRP initiator-modified SPR sensor chips via SI-ATRP combined with molecular imprinting as follows (Scheme 3(a)). After acryloly-ConA (2 mg), acryloyl anti-IgG (2 mg) and IgG (2 mg) were mixed to form lectin-IgG-antibody complexes with polymerizable groups, they were copolymerized with AAm (3.4 mmol) as a main monomer using BPY (0.24 mmol), CuBr (0.06 mmol), CuBr 2 (0.009 mmol) as catalysts in a phosphate buffer solution (3 mL) at room temperature under an argon atmosphere. After 8 hours the SPR sensor chips were taken out and immersed into a citricphosphate buffer solution (20mM, pH 4.0) for 4 days to extract the template IgG from the resultant polymer brush and immersed into a phosphate buffer solution (20 mM, pH 7.4) for 3 days to remove the unreacted monomers and catalysts. According to Scheme 3(b), a nonimprinted polymer brush layer chip as a reference was prepared by the same method without using template IgG to reveal the effect of biomolecular imprinting. After their polymer brush layer chips attained the equilibrium of swelling, they were utilized for SPR measurements.
Formation of IgG-imprinted and nonimprinted gel layers on SPR sensor chips
IgG-imprinted gel layer were prepared on ATRP initiatormodified SPR sensor chips via SI-ATRP combined with molecular imprinting as follows (Scheme 4 (a)). After acryloly-conA (2 mg), acryloyl anti-IgG (2 mg) and IgG (2 mg) were mixed to form lectin-IgG-antibody complexes with polymerizable groups, they were copolymerized with AAm (15.7 mmol) as a main monomer and MBAA (0.56 mg) as a crosslinker using BPY (0.24 mmol), CuBr (0.06 mmol), CuBr 2 (0.009 mmol) as catalysts in a phosphate buffer solution (7 mL) at room temperature under an argon atmosphere. After 8 hours the SPR sensor chips were taken out and immersed into a citric-phosphate buffer solution (20mM, pH 4.0) for 4 days to extract the template IgG from the resultant hydrogel networks, and immersed into a phosphate buffer solution (20mM, pH 7.4) for 3 days to remove the unreacted monomers and catalysts. Then, IgG-imprinted gel layer chips were used for the SPR measurements after they attained equilibrium swelling in a phosphate buffer solution. According to Scheme 4(b), a nonimprinted gel layer chip as a reference was also prepared by the same method without using template IgG. After their gel layer chips attained equilibrium swelling, they were utilized for SPR measurements. 
Preparation of directly ConA-and antiIgG-immobilized chips by amino coupling method
To reveal the effect of polymer brush and gel layers on the SPR response for target biomolecules, a directly ConA-immobilized chip was prepared by standard amino coupling method as follows (Scheme 5
mg/mL of an aqueous ConA solution (10 mL) overnight and cleaned in water and 2-aminoethanol to remove unreacted substances. By the same procedure as the preparation of the directly ConAimmobilized chips, a directly anti-IgG-immobilized chip was also prepared using 200 mg/mL of an aqueous antiIgG solution (10 mL).
Characterizations of modified SPR sensor chips
Surfaces of the modified SPR sensor chips were characterized with an X-ray photoelectron spectroscope (ESCA-3400: Shimadzu Co., Ltd.). A Mg Kα X-ray source was used at a power of 200 W (20 mA×10 kV) and the pass energy was set at 75 eV. The pressure in the analysis chamber was ca. 4.0×10 −7 Pa. The charge correction in the binding energy scale was done by setting the -CH 2 -peak in the carbon spectra to 285.0 eV. The surface compositions (in atomic %) of modified SPR sensor chips were determined by considering the integrated peak areas of C 1s , O 1s , Au 4f , S 2p , and Br 3d and their respective experimental sensitivity factors. The following experimental sensitivity factors were used: 0.318 for C 1s , 0.736 for O 1s , 6.846 for Au 4f , 0.723 for S 2p , and 1.155 for Br 3d . The fractional concentration of a particular element A, %A, was calculated using Eq. (1): (1) where I A and s n are the integrated peak areas and the sensitivity factors, respectively. The modified SPR sensor chips were dried under reduced pressure prior to XPS measurements. Surface morphology of the modified sensor chips was observed by Atomic force microscopy (AFM) after freeze-drying the chips. The AFM images were taken in dynamic force microscope (DMF) mode with Atomic force microscope (SPM E-sweep: SII NanoTechnology Inc.). SI-DF3 cantilevers with a resonance frequency of 3000 kHz and a force contact of 3Nm -1 were used. Chemical structures of modified sensor chips by Fourier transform infrared reflection-absorption spectroscopy (FT-IR-RAS) were characterized with a Fourier transform infrared spectrometer (Spectrum 100: Perkin Elmer, Inc.) after freeze-drying the sensor chips. All the spectra represent an average of 16 scans taken in the wave number range of 4000-800cm alkyl-sulfide group were observed at the wavelength 1200 -1250 cm -1 . In addition, the spectrum of the 2-BPB modified chip demonstrates the peaks assigned to an alkyl bromide at wavelength 1200 -1280 cm -1 . These mean that the alkyl bromide group as an ATRP initiator was successfully introduced onto the SPR sensor chip surface by the surface modifications shown in Scheme 2. After the SI-ATRP of acryloyl-IgG, AAm, and MBAA, the IR spectra displayed strong absorption bands at 1630 and 1750 cm -1 corresponding to the amide I and amide II of the AAm monomer and acryloyl modified ConA and IgG. Absorption bands assigned to the methylene group of the AAm monomer also appeared at wavelength 2800-3000 cm -1 . These clearly indicated the formation of IgGimprinted gel layer on the SPR sensor chip.
After the formation of IgG-imprinted gel layer on the SPR sensor chip, its surface morphology was observed with AFM. Figure 3 shows tapping mode AFM images
SPR measurements
The resonance angle shifts of the IgG-imprinted and nonimprinted polymer brush and gel layer chips in response to a target IgG were examined with a SPR sensor (NanoSensor: Nippon Laser & Electronics Lab.). In the SPR measurements, the baseline was established by flowing 20 mM phosphate buffer solution (pH 7.4), and then a phosphate buffer solution with 1 µM IgG was flowed along the SPR sensor chip surface at the flow rate of 15 µLmin -1 . Affinity constants of IgG to their layer chips were determined using an analysis software (SPR670M: Nippon Laser & Electronics Lab.). Association and dissociation constants were calculated from the concentration of analyte and curve fitting of differential resonance angle shift. Table 1 shows the surface atomic ratios of modified SPR sensor chips, which were determined by X-ray photoelectron spectroscopy (XPS). The surface atomic ratio of C, O and S on the SPR sensor chips modified with 11-MUD (HS(CH 2 ) 11 OH) increased, compared with the bare SPR sensor chip. Furthermore, the modification with 2-BPB (CH 3 CHBrCOBr) to introduce alkyl bromide groups as ATRP initiators resulted in an increase in the surface atomic ratio of Br from 0.10 to 0.28. The fact that Br 3d /S 2p atomic ratio was close to 1/2 suggests that half amount of the hydroxyl groups of 11-MUD on the SPR sensor chips was modified with 2-BPB to introduce ATRP initiators onto chip surfaces. As shown in Figure 1 , the Br 3d peak on the XPS spectrum of 2-BPB-modified chip demonstrates the introduction of alkyl bromide groups onto the SPR sensor chips. From these results, we can conclude that the surfaces of the SPR sensor chips were successfully modified with the ATRP initiators.
Results and Discussion
Formation of molecularly imprinted gel layers on SPR sensor chips
To confirm the functional groups on the surface of SPR sensor chips in each step during the formation of gel layers, we also characterized the modified SPR sensor chips with Fourier transform infrared reflectionabsorption spectroscopy (FT-IR-RAS). Figure 2 shows the FT-IR-RAS spectra of the bare gold, 11-MUD-modified, 2-BPB-modified, and IgG-imprinted gel layer chips. In the FT-IR-RAS spectrum of the 11-MUD-modified and 2-BPB-modified chips, the proper peaks assigned to an of the bare gold and IgG-imprinted gel layer SPR sensor chips. The bare gold chip has a smooth and clear surface.
On the other hand, Figure 3 (b) demonstrates that the SPR sensor chip surface after SI-ATRP was covered with threedimensional structures of the IgG-imprinted gel layer. As a result, we concluded that the IgG-imprinted gel layer can be prepared on the surface of SPR sensor chip via SI-ATRP.
In general SI-ATRP, organic solvents such as ethanol and benzene are utilized, and buffer solutions are not suitable as solvents. However, SI-ATRP in the presence of biomolecules such as proteins must use buffer solutions as solvents because biomolecules are easily denatured by organic solvents. Our SI-ATRP condition to form the IgGimprinted gel layers on the SPR sensor chips provides a general method for designing polymer brush and gel layers with biomolecule on the sensor chips because it can be carried out in buffer solutions.
SPR measurements by surface plasmon resonance spectroscopy
The SPR technique has been used to estimate the interaction between biomolecules or to determine the affinity constant of analytes for ligands attached on SPR sensor chips. The SPR sensors are also strong tools for selectively and sensitively monitoring biomarkers as tumor markers that are indicators of a specific disease. In this study, the IgG-imprinted gel layer chips were applied to the SPR measurements for detecting IgG because the recognition sites for IgG as a target antibody were created within gel layers by molecular imprinting. In particular, we examined the resonance angle shift of the IgG-imprinted gel layer chips in response to a target IgG and compared their SPR response with that of the IgG-imprinted polymer brush layer chips and the directly ConA-immobilized chip. Figure 4 shows the SPR signal changes of directly ConA-immobilized, nonimprinted gel layer, and IgGimprinted gel layer chips in response to target IgG. When a phosphate buffer solution with target IgG was flowed, the resonance angle shifts of their chips increased in response to IgG. The resonance angle shift of the directly ConA-immobilized chip was larger than that of IgGimprinted and nonimprinted gel layer chips. To discuss the large difference in their resonance angle shifts, we measured the thickness of the modified sensor chips by ellipsometry. As shown in Table 2 , the thickness of the directly ConA-immobilized chip was less than 70 nm, but both IgG-imprinted and nonimprinted gel layer chips had a thickness of approximately 900 nm. Namely, the directly ConA-immobilized chip was much thinner than the gel layer chips. Our previous paper reported that the resonance angle shift of the polymeric layer chips increased gradually with an increase in the layer thickness in the range of less than 300 nm but that decreased with an increase of more than 300 nm thickness. The decrease in resonance angle shift of the gel layer chips was attributed to the fact that the diffusion of a target biomolecule to the surface of the sensor chip was restrained within gel layers that were too thick [13] . In the SPR measurements, the permittivity changes in the vicinity of the gold chip surfaces, which are induced by the adsorption of an analyte onto the surfaces, causes the resonance angle shifts. A change in permittivity in the vicinity of the gold surface of IgG-imprinted and nonimprinted gel layer with a large thickness became small because the approach of target IgG to the gold surface was inhibited by its low diffusivity within the gel layer. This is the reason the resonance angle shift of the IgG-imprinted and nonimprinted gel layer chips was smaller than that of the directly ConA-immobilized chip. It should be noted that the IgG-imprinted gel layer chip exhibited a larger resonance angle shift than the nonimprinted gel layer chip in spite of their similar thickness. To discuss the effect of molecular imprinting, we determined the affinity constant of IgG for modified sensor chips from the changes in the resonance angle shifts. Table 2 summarizes the affinity constants of the directly ConA-and anti-IgG-immobilized chips, IgGimprinted and nonimprinted polymer brush and gel layer chips for IgG, together with their thickness. To investigate the effect of molecular imprinting and crosslinking, we compared the affinity constants of IgG-imprinted and nonimprinted of polymer brush layer chips without crosslinks and gel layer chips with crosslinks. The affinity constants of the IgG-imprinted and nonimprinted of polymer brush and gel layer chips were larger than that of the directly ConA-immobilized chip. The larger affinity constant of the IgG-imprinted and nonimprinted polymer brush and gel layer chips for target IgG is attributed to the fact that both ConA and anti-IgG were introduced as biomolecular ligands within the layers. However, the affinity constant of the directly anti-IgG-immobilized chip was a little higher than that of the nonimprinted and IgG-imprinted polymer brush layer chips. This may mean that the polymer brushes prevented target IgG from approaching to anti-IgG immobilized within layers. Although the IgGimprinted polymer brush chip was prepared by molecular imprinting that used IgG as a template, its affinity constant was similar to that of nonimprinted polymer brush chip prepared without template IgG. Because their polymer brush layers were prepared using no crosslinker, the mobility of polymer chains and biomolecular ligands was high in the polymer brush layers. Their high mobility might cause no effect of molecular imprinting on the affinity constant of polymer brush layer chips for target IgG. These suggest that the molecular imprinting was not effective in forming molecular recognition sites within the polymer brush layers on SPR sensor chips. On the other hand, the IgG-imprinted gel layer chip designed using a crosslinker had the higher affinity constant for IgG than nonimprinted gel layer chip. In addition, it should be noted that the IgGimprinted gel layer chip had the higher affinity constant than the directly ConA-and anti-IgG-immobilized chips although gel layers may inhibit the approach of target IgG to ConA and anti-IgG as ligands. In preparing the IgG-imprinted gel layer on the sensor chip, molecular imprinting enables the ligands ConA and anti-IgG to be arranged in the optimal positions for binding the target IgG [34] . Then ConA and anti-IgG in the gel layers were fixed by chemical crosslinking, differing from those in the polymer brush layers. These mean that specific recognition sites were effectively created within the gel networks, followed by an increasing in the affinity constant. Utilization of crosslinkers might also lead to effective immobilization of ligand ConA and anti-IgG within the gel layers. As results, the IgG-imprinted gel layers with a high affinity constant for target IgG were designed on SPR sensor chip surfaces by the combination of molecular imprinting with SI-ATRP using crosslinkers. However, we will have to control the thickness of the IgG-imprinted gel layers on sensor chips by SI-ATRP conditions because a too large thickness of the IgG-imprinted gel layers prevents a target molecule from approaching to the vicinity of gold surfaces through the gel layers as described above. Even though sensitive and selective SPR sensor chips with biomolecular recognition sites still require further research work into possible applications, the combination of molecular imprinting with SI-ATRP using crosslinkers are likely to become a quite important strategy for precise designs of the sensor chips in the future. 
Conclusions
For fabrication of SPR sensing devices with a strong affinity for a target biomolecule, gel layers with biomolecular recognition sites were strategically prepared on SPR sensor chips by combining SI-ATRP with molecular imprinting that used lectins and antibodies as ligands for a target biomolecule. In biomolecular imprinting, the ligands ConA and anti-IgG were covalently immobilized by weakly crosslinking within gel layers on the gold chip surfaces. SPR measurements revealed that the IgGimprinted gel layer chips have a higher affinity constant for target IgG than those of polymer brush layer chips. Thus, weakly crosslinking and biomolecular ligands are very effective in enhancement of affinity constants of molecularly imprinted SPR sensor chips. In addition, the paper describes an important information about polymerization conditions for SI-ATRP in buffer solutions that is required as solvents for using biomolecular ligands such as proteins. Knowledge gained from this research has a potential to extend our approach to develop biosensor systems for detecting tumor marker glycoproteins like α-fetoprotein which has been widely used for the serum diagnosis of primary hepatoma [18, 19] . Thus the combination of SI-ATRP with biomolecular imprinting using protein ligands can provide useful tools for fabricating biomolecular recognition sensing devices with a wide variety of uses.
